Harmonic resonance has been observed, measured and modeled on1 parallel 500-kV lines that are about one wavelength at 2100 Hz, the 35th harmonic. A seemingly small harmonic injection at one location on the system causes significant problems some distance away such as telephone interference. The Bonneville Power Administration (BPA) measured simultaneous harmonic currents in opposite directions on the parallel Custer-Monroe 500-kV lines in Northwestern Washington State. As measured from the Custer end, one parallel line appeared capacitive, and the other parallel line appeared inductive. These two lines create a near resonance circuit at Custer 500-kV which amplifies the 35th harmonic current on each line.
Harmonic resonance has been observed, measured and modeled on1 parallel 500-kV lines that are about one wavelength at 2100 Hz, the 35th harmonic. A seemingly small harmonic injection at one location on the system causes significant problems some distance away such as telephone interference. The Bonneville Power Administration (BPA) measured simultaneous harmonic currents in opposite directions on the parallel Custer-Monroe 500-kV lines in Northwestern Washington State. As measured from the Custer end, one parallel line appeared capacitive, and the other parallel line appeared inductive. These two lines create a near resonance circuit at Custer 500-kV which amplifies the 35th harmonic current on each line.
The source of the harmonic current into Custer was the Ingledow Substation. Ingledow was found to be passing harmonic currents from the Arnoff dc terminal serving Vancouver Island on the BC Hydro' system. Figure 1 . shows actual measurements made at the Custer Substation. Measurements were made at both the Custer and Ingledow Substations. When the length of the Custer-Monroe 500-kV line no. 2 was changed by isolating the line terminal at Monroe to connect to another line the resonance was reduced. When high pass filters were inserted at the dc terminal, the harmonic current also went down.
The Guster-Monroe no. 1, 500-kV line is calculated to be 0.982 wavelength long at the 35th harmonic, and the Custer-Monroe no. 2, 500-kV line is calculated to be 0.973 wavelength long at the 35th harmonic. According to transmission line theory the impedance of an open circuit line will change from inductive to capacitive every half wavelength from the open circuit. Furthermore, the impedance will change from capacitive to inductive at 1/4 wavelength and then at every 1/2 wavelength thereafter. where a and Vo are two constants to be determined from two experimental points; to is the time (from start) when the instantaneous applied voltage exceeds Vo, and tb is the time when the applied voltage collapses due to breakdown. DE is a parameter which is constant for a particular gap under a specified voltage waveshape. The second equation is similar to first, thus assuming that the breakdown process is a cumulative process in voltage and time. However, the second equation is different in interpreting the breakdown mechanism. It assumes that DE, Vo and a will have different values for different gaps, and for different voltage waveshapes even for the same gap. As no theoretical basis has been arrived as yet, these three parameters were experimentally determined.
Vo is defined as the voltage of a specified waveshape which a particular air gap will withstand under repeated applications with very low probability of breakdown. If the estimates of the critical breakdown voltage, V~O , and the standard deviation, s, are known, based on n observations of a normal distribution, then it can be stated that at least a portion, P, of the population is greater than Vo with confidence, y, where Vo is given by:
The parameter, k, which is a function of n, P and y, can be found from statistical tables. P was assumed to be 0.999, and y-0.95. Once Vois computed, DE and a were computed from two breakdown voltage levels at two different breakdown times, the voltage profiles of which were already stored in the computer. The analysis was performed by the ASYSTANT software which can perform mathematical operations on data arrays. Two of the experimental and analytical volt-time characteristics are shown in Figure 1 . The resonant condition can be controlled to avoid telephone interference by controlling the source. The paper also investigated use of a wavetrap as a mitigating measure.
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Numerical Electromagnetic Field Analysis of Tower Surge Response
Masaru Ishii (Senior Member, IEEE; University of Tokyo, Tokyo, Japan), Yoshihiro Baba (Student Member, IEEE; University of Tokyo) Tower surge response characteristics are important factors in analyzing lightning performance of transmission lines. Especially for such tall structures as a double-circuit UHV tower, the tower surge characteristics becomes more important due to the longer surge propagation time. Agreement on this matter, however, has not been reached yet.
Representative methods to investigate the tower surge characteristics include (i) measurement on real towers, (ii) measurement on reduced-scale models, (iii) analytical study on simplified geometry, and (iv) numerical analysis based on the electromagnetic theory.
Numerical approach based on the dynamic electromagnetic field analysis has the possibility to overcome various difficulties in other methods. Electromagnetic Code) to analyze the tower surge response, as this computer code can cope with the scattering of electromagnetic fields around a reasonably complex system of thin wires. NEC-2 solves the electromagnetic field around thin wires in the frequency domain by the moment method. To solve the time-varying electromagnetic fields, Fourier transform and inverse Fourier transform are used.
The usefulness of numerical electromagnetic analysis is verified from the good agreement between the experimental and computed results in the measurement of tower surge response characteristics. Although there is restriction in the structure which can be properly analyzed by NE(;2, it is much more flexible than the classical modeling of the tower by a cylinder or a cone.
As an example, the measured and computed waveforms of the tower top voltage of a full-sized double circuit UHV tower of 120 m in height are shown in Figures 1 and 2 . The voltage waveform was measured by the direct method, and the numerical analysis simulated the measurement. Good agreement is seen between these waveforms, and the difference of the peak voltage was 9 percent.
By using the numerical method, the influence of tower elements on the tower surge response characteristics is investigated. Horizontal elements little influence the tower surge characteristic, whereas slant elements lower the tower surge impedance for more than 10 percent. Crossarms distort the waveform of tower top voltage, but if slant elements exist, the oscillation in the waveform is smoothed. This characteristic agrees with the experience of experiments on real towers. This paper introduces a way of modeling electromagnetic propagation in conductive materials, termed the method of finite sections. The name is intended to describe a hybrid combination of the techniques used for finite elements and transmission pi-sections modeling. It allows representation in an electromagnetic transients program (EMTP) of the wave propagation responsible for frequency dependency of coupling among coaxial conductors and frequency-dependency of impedances, including that of any possible earth path. The technique is illustrated by application to transient propagation in a multimode coaxial cable system, a situation that currently eludes accurate repre-IEEE Power Engineering Review, January 1997
